Shiftwork and work-hour limits for junior doctors are now well established in hospital work patterns. In order to ensure that trainees have adequate exposure to daytime elective surgical procedures, there is a tendency to have long shifts that include an after-hours component. However, long shifts can cause performance decrement due to time-on-task fatigue. In addition, shifts that encroach upon sleep time result in sleep loss. Using a high-fidelity patient simulation environment, we undertook a randomised, controlled trial to examine fatigue effects. A within-subjects comparison was used to evaluate the effect of 15-hour day shifts on the performance of 12 anaesthesia registrars. Preoperative assessment, machine check and taskwork using 42 task categories were evaluated. In both conditions, there was failure to meet current guidelines for preoperative evaluation or machine check, and when fatigued there was a 'trend' (P=0.06) to a reduction in the number of items in the machine check. With increase in time awake, there was an increase in time taken for explanation to the patient, an increase in mean duration of explanation to the patient, more time looking at the intravenous line or fluids when multi-tasking but less time adjusting the intravenous fluid. These effects are minor during routine uncomplicated induction of anaesthesia, but further investigation is needed to examine fatigue effects during non-routine circumstances.
To enable junior doctors to comply with contemporary work-hour restrictions 1, 2 , shiftwork in various forms has been widely adopted. However, shiftwork frequently reduces the quality and quantity of sleep [3] [4] [5] [6] , and this can result in cumulative sleep loss and deterioration in performance on a range of neurobehavioural tests [7] [8] [9] . In addition, shiftwork and work-hour reduction threaten training opportunities for junior doctors 10 , and so a range of work patterns have been developed to reduce the risk of fatigue while maximising supervised daytime training opportunities. One solution that has been widely implemented in New Zealand is the use of rotating shifts, with a mixture of long and short day shifts and short night shifts. However, the effects of long day shifts upon sleep and clinical performance of junior doctors have not been quantitatively evaluated. Such evaluation is important because long shifts can cause performance decrement due to prolonged wakefulness, time-on-task fatigue and encroachment of the day shift upon nocturnal sleep time, causing sleep loss. This situation applies in all countries where the compromise between clinical training needs and work-hour reduction has invoked long shifts. For example, in the USA, the current Accreditation Council for Graduate Medical Education's mandated work-hour restrictions were announced in 2010 amid considerable controversy, based on concern that the 16-hour limit for first year medical graduates was too restrictive 11 . For those beyond their first year, the limit was set at 24 hours of continuous work 12 . In contrast, shifts of 14 hours duration or longer are classified as higher risk by the Australian Medical Association's National Code of Practice-Hours of Work, Shiftwork and Rostering for Hospital Doctors 13 .
Since 1985, New Zealand junior doctors' hours of work have been restricted to a weekly maximum of 72 hours, with a maximum shift length of 16 hours and at least eight hours between shifts 14, 15 . Despite these restrictions, junior doctors still attribute errors and psychosocial problems to their work patterns 16, 17 , and anaesthetic trainees show a decline in performance on a psychomotor vigilance task with increasing shift length 18 . Data from laboratory experiments, including those benchmarking the effects of time awake against alcohol intoxication on psychomotor performance 19 , have been widely applied in the development of consensus guidelines such as the National Code of Practice-Hours of Work, Shiftwork and Rostering for Hospital Doctors 13 . However, the effect of long (but compliant) shifts on workplace performance by clinicians has not been extensively studied. In an attempt to bridge the gap between psychomotor testing and workplace performance, we undertook a simulation-based study to determine the effect of 15hour shifts on registrars' performance.
We undertook a randomised, controlled trial to enable a within-subject, rested-versus-fatigued comparison of the performance of 12 anaesthetic registrars (trainees), in a high-fidelity patient simulation environment. We analysed only the high workload preparation and induction phases of anaesthesia because these are times when the risk of fatigue-related critical incidents is increased 20 . The primary hypotheses were that 15-hour day time shifts would be associated with cumulative sleep loss due to extended time awake, and truncation of the preoperative patient evaluation and the anaesthesia machine check. These hypotheses were developed from data showing that anaesthetists report rushing and truncating tasks when fatigued 20, 21 . In addition, because laboratory tasks differ in their sensitivity to sleep loss 22 , we examined anaesthesia taskwork to identify tasks that may be particularly vulnerable to fatigue.
MATERIALS AND METHODS
This study was approved by the Wellington Regional Ethics Committee (99/89) and all participants provided written informed consent.
Participants
With their consent, all anaesthesia registrars in the Wellington region were scheduled to participate over an 18-month period between 1999 and 2001. A few days before their first experimental condition, participants received a verbal briefing and were given a sleep diary and an Actiwatch ® 64 (Mini-Mitter Company, Inc., Bend, OR, USA) to record their sleep-wake patterns. Although they had all undergone prior training sessions using the simulator, formal re-familiarising with the simulator took place as part of this briefing session. The registrars worked a rotating shift system that included 'long days' (0730 to 2230 hours), 'short days' (0730 to 1630 hours) and 'nights' (2200 to 0800 hours), with a weekly average of 50 to 54.9 hours. To try and ensure participants were genuinely rested for the 'rested' condition, the performance evaluations were scheduled after a weekend off duty, preceded by a week that contained no night shifts. Performance evaluation took place during a week where the registrars worked two 15hour long days separated by a 'short day' (nine hours). Performance at the start of the first 15-hour 'long day' (rested condition) was compared with performance at the end of a second 'long day' (fatigued condition). The mean starting times were 0904 h (±15.2 minutes) for the rested condition and 0003 h (±27.5 minutes) for the fatigued condition.
The initial intention was to study 20 anaesthetic registrars. However, during the study, the registrars negotiated a change of employment conditions and the 15-hour day shift was eliminated in favour of a system with a nine-hour day shift (0730 to 1630 hours), eighthour evening shift (1600 to 2400 hours) and a tenhour night shift (2200 to 0800 hours). The study was terminated with 12 complete data sets. In 2007, long day shifts were re-introduced at Wellington Hospital, as 14-hour shifts, to try and increase daytime exposure to elective surgical lists. The total hours per week have remained constant at 50-54.5 hours since the mid 1990s. Hence, although the 15-hour shifts in this study were moderate by international standards 12, 13 , the findings remain operationally relevant because of the risk of shift overrun and because 'moonlighting' is poorly regulated in New Zealand.
Participants undertook normal duties on both study days. Both conditions took place within one week and participants were asked to maintain a normal lifestyle and not to swap any duties the week before or while enrolled in the study. The order of experimental condition (rested or fatigued) was randomised to reduce the risk of effects attributable to the order of experimental condition. Randomisation of order is important because complex experimental tasks can show large learning effects that can mask small experimental effects.
Sleep status
The total amount of sleep obtained (including daytime naps) over the four days prior to each condition and the time awake at the start of each performance evaluation were calculated using data from the sleep diary and Actiwatch.
Simulation
Using a METI Human Patient Simulator (Medical Education Technologies Inc., Sarasota, FL, USA), participants simulated anaesthesia for an open appendicectomy in a mock operating theatre. Lifelike cardiorespiratory data were displayed using standard clinical monitors (Datex AS3, Instrumentarium Corporation, Helsinki, Finland) and 'anaesthesia' was administered using an anaesthesia machine similar to those used in the hospital. To provide realistic surgical taskwork, the simulator was modified by the creation of a layered abdominal wall and a plastic-lined abdominal cavity that contained sheep intestine. The surgical team usually consisted of a researcher acting as a surgeon, a genuine scrub nurse, an anaesthetic technician from our operating theatres and a trained research assistant acting as circulating nurse. A detailed written script ensured smooth conduct of the simulation and an audio speaker concealed behind the manikin's head enabled conversation between the registrar and the manikin (acted by the principal investigator).
Prior to entering the high-fidelity mock operating theatre, each participant received a standardised briefing including the patient's history. They were reminded to conduct the anaesthesia, including preoperative preparation and machine check, as if it were real. A patient record was available on request and the patient was already on the operating table. The high workload, 20 minutes of each anaesthetic was analysed, although the entire appendicectomy (100 minutes) was simulated to avoid effects attributable to the end of the experiment.
Four cameras and microphones recorded views of the participant's head (showing direction of gaze), the anaesthesia work space and the operating theatre. These were recorded with customised video recorders that allowed computer-controlled playback with simultaneous creation of a Microsoft Access™ database with a resolution of one second.
Analysis
Videotapes were randomly reordered prior to undergoing detailed review with blinding in terms of the experimental condition. The preoperative evaluation and machine check were assessed against a 40-item preoperative evaluation checklist (developed from a preoperative questionnaire promulgated by the Accident Compensation Commission and the New Zealand Society of Anaesthetists Professional Document ACC 707) and a 37-item machine checklist based on the Australian and New Zealand College of Anaesthetists' professional document, Guidelines on Checking Anaesthesia Delivery Systems 23 .
For the analysis of taskwork, all actions taken by the anaesthetist were divided into 42 categories by the principal investigator (Appendix), using a previously validated method [24] [25] [26] . Tasks were analysed in terms of the total number of times a task was undertaken (iterations), the mean time per iteration and the total time for each activity. Multi-tasked activities were defined as those occurring while another activity was already in process. All activity, from when a registrar entered the simulated operating room until five minutes after intubation, was included in this analysis.
Statistical analysis consisted of direct comparisons between the two conditions using two-tailed paired t-tests and analysis of covariance to examine the effects of time awake and cumulative sleep over the four days prior to the performance evaluation. All analyses were undertaken using SPSS ® 13.0 for Windows.
RESULTS

Participants
Complete data sets were obtained from 12 participants. All were in good health and none had a diagnosed sleep disorder. The mean age was 32±3.4 years with 3.6±1.3 years of anaesthesia training.
Sleep status
Time since awakening was 2.32±0.70 hours for the rested condition, indicating that significant sleep inertia was unlikely 27 , and 17.41±0.64 hours when fatigued. There was a small difference between conditions in the average daily sleep over the four days prior to each condition (7.3±0.4 hours for the rested condition and 6.8±0.5 hours for fatigued [t (11) =6.4, P ≤0.001]). Four participants had less than 6.5 hours sleep after working the nine-hour shift that preceded the fatigued condition, suggesting inadequate use of the recovery sleep opportunity.
Preoperative history and machine check
Less than half of the 40 items from the preoperative questionnaire were checked in either condition (16.8±5.0 when rested and 15.3±4.0 when fatigued) and this difference was not statistically significant. The mean time undertaking preoperative evaluation was very short in both conditions, 2.8 (±1.1) minutes in the rested condition and 3.2 (±1.4) minutes in the fatigued condition, with no statistically significant difference. Less than a third of the 36 items in the machine check were evaluated in either condition. In the fatigued condition there was a trend towards a reduction in the number of items in the machine check (7.2±3.6 items compared with 9.3±4.0 items when rested; t (11) =2.06, P=0.06). There was no statistically significant difference in total time for the machine check (103±76 seconds in the rested condition versus 88±54 seconds in the fatigued condition).
Taskwork
As expected during the busy peri-induction period, an enormous number of tasks were undertaken. A total of 7191 tasks were undertaken by the 12 participants, i.e. an average of 15 tasks per minute. Of these, 2810 were multi-tasked, 2995 were utterances of speech and 1351 were non-multi-tasked. Only four of the 42 clinical tasks showed statistically significant differences between the rested and fatigued conditions. In the fatigued condition there was an increase in the mean time per utterance of explanation or instruction to the patient (t (11) =2.74, P=0.02), an increase in the number of times participants looked at the intravenous fluid as a multi-tasked activity (t (11) =-2.38, P=0.04), an increase in the total time spent looking at the intravenous fluid as a multitasked activity (t (11) =3.29, P=0.007), and a reduction in the total time spent adjusting the intravenous fluids as a multi-tasked activity (t (11) =2.22 , P=0.05) ( Table  1 ). The analysis of covariance showed that these effects were associated with the increasing length of time awake in the fatigued condition and with the reduction in cumulative sleep in the case of mean time per utterances of explanation to the patient ( Table 2) .
DISCUSSION
The 15-hour shifts in this study were moderate by international standards 12, 13 . In the fatigued condition, participants had a modest reduction in sleep, obtaining an average of 2.2 hours less cumulative sleep over the four previous days. Provided participants were adequately rested after the weekend off duty at the start of the study, this sleep loss would probably be operationally insignificant. A more important finding was that one-third of the participants (four) obtained less than 6.5 hours sleep before the second long day, and this is a suggested threshold for performance decrement due to cumulative sleep loss 28 . In addition,
Tasks showing statistically significant difference (P ≤0.05) between rested and fatigued conditions in terms of the number of times the task was undertaken, the total time for task, or the mean time taken per iteration of the task Look at intravenous line or fluids, multi-tasking, number of iterations 1.3±0.5 (9) 3.2±3.1 (12) Look at intravenous line or fluids, multi-tasking, total time, s 2.1±0.9 (9) 5.8±4.6 (12) Adjust fluids, multi-tasking, total time, s 21.6±26.9 (12) 8.2±6.4 (9) SD=standard deviation, s=seconds. an increased rate of complications after surgical procedures performed by surgeons has been reported after less than six hours sleep 29 . The Australian Safe Work Hours Guidelines 13 , the Institute of Medicine 30 and other bodies 12 have recommended fatigue management education to address issues such as appropriate and optimal use of rest opportunities. In New Zealand, a national survey of junior doctors found that only 14.7% had received education about coping with shiftwork 31 . In a more recent report, only one out of 21 intensive care trainees had received any such education 32 , illustrating a pressing need for appropriate fatigue risk management education for New Zealand junior doctors, including trainees in anaesthesia and intensive care. We are unaware of comparable data for Australia. There was a 'trend' (P=0.06) towards a reduction in the number of items in the machine check in the fatigued condition, and this is noteworthy because failure to adequately check equipment has previously been reported as being contributory in fatiguerelated critical incidents 20 . However, the preoperative evaluation and machine check were incomplete in both the rested and fatigued conditions. Reduced motivation, because of lack of concern about adverse consequences in the simulation environment 33, 34 may have contributed to this [35] [36] [37] , despite the continuous video recording which we expected to be an incentive to perform as well as possible. In the analysis of taskwork there were few differences between the fatigued and rested conditions. There was an association between an increase in time awake and increases in the measures of time per utterance of explanation or instruction to the patient, increases in measures of the number of times participants looked at the intravenous fluid line as a multi-tasked activity and a decrease in the total time spent adjusting the intravenous fluids as a multi-tasked activity. The findings pertaining to speech are similar to changes in speech that have been described during sleep deprivation, in which slowing 38, 39 and loss of normal intonation and verbal fluency 40 have been reported. Because alterations in speech are associated with increased communication errors 38 , these changes in speech may have clinical relevance and warrant further investigation. The altered pattern of activity related to looking at, and adjusting, the intravenous giving set is of interest because perseveration errors increase during experimental sleep deprivation and so repetitive behaviour is not unexpected 41 . The clinical significance of this finding is unclear but may also be worthy of further investigation.
The main limitation of this study is the small sample size. The unanticipated change in work patterns resulted in a sample size of 12, identical to a similarly negative study from the United States of America 42 . Not all tasks are expected to be equally sensitive to the effects of fatigue and sleep loss 43, 44 and although the study is underpowered in terms of the likelihood of detecting a medium experimental effect with a=0.05 45 , one can be confident that for most of the tasks there is not a large (and thus easier to detect) experimental effect. For example, post-hoc analysis showed that to reliably detect a 25% change in the number of items in the machine check, or the preoperative evaluation, with 80% power, would require at least 18 participants.
In conclusion, this study suggests that during uncomplicated induction of anaesthesia by non-novice anaesthetists in a patient simulation environment, most aspects of taskwork are robust in the face of fatigue and sleep loss caused by 15-hour daytime shifts. However, there remains a need to examine the effects of fatigue on performance in response to critical events when high order non-technical skills such as communication, planning and prioritising are required.
